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Abstract
A mathematical model of drug transport provides an ideal strategy to optimize intratumoral drug
delivery implants to supplement radiofrequency (RF) ablation for tumor treatment. To simulate
doxorubicin transport in non-ablated and ablated liver tumors, a one-dimensional, cylindrically
symmetric transport model was generated using a finite element method (FEM). Parameters of this
model, the diffusion (D) and elimination (γ) coefficients for doxorubicin, were estimated using drug
distributions measured 4 and 8 days after placing biodegradable implants in non-ablated and ablated
rabbit VX2 liver carcinomas. In non-ablated tumor, values of diffusion and elimination parameters
were 25% and 94% lower than normal liver tissue, respectively. In ablated tumor, diffusion near the
ablation center was 75% higher than non-ablated tumor but decreased to the non-ablated tumor value
at the ablation periphery. Drug elimination in ablated tumor was zero for the first four days, but by
day 8 returned to 98% of the value for non-ablated tumor. Three-dimensional (3-D) simulations of
drug delivery from implants with and without RF thermal ablation underscore the benefit of using
RF ablation to facilitate local drug distribution. This study demonstrates the use of computational
modeling and optimal parameter estimation to predict local drug pharmacokinetics from intratumoral
implants after ablation.
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Introduction
Treatment of unresectable tumors has been supplemented in recent years by the development
of minimally invasive interventions, such as laser [1], microwave [2], and radiofrequency (RF)
ablation [3]. RF ablation in particular has shown improved efficacy in the treatment of
hepatocellular carcinoma (HCC) [4], where approximately 80% of tumors cannot be surgically
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removed [5]. However, despite its success, RF ablation is restricted by limited ablation sizes
that can be created with a single treatment as well as the risk of tumor recurrence around the
boundary [6,7]. Biodegradable polymer implants, termed polymer millirods, have been
designed to deliver chemotherapeutic agents to the RF treated region to kill residual tumor
cells and prevent tumor recurrence [8–10]. These implants have been studied systematically
in non-ablated and ablated liver tissues [11,12], and initial studies using doxorubicin-
containing implants to treat tumors have indicated their potential benefit [13,14]. Up to now,
the major challenge in effectively treating tumors with polymer millirods has been the limited
drug penetration distance into the surrounding tissue. Although several changes to implant
design have already been described [9,15], how these changes would affect local drug delivery
efficiency and anti-tumor efficacy is not obvious.

A strategic method for improving implant therapy is to use a mathematical model to establish
a mechanistic understanding of drug transport processes and how they affect drug
pharmacokinetics and delivery efficiency [16–19]. Using a mathematical model to aid in
polymer millirod design has several advantages over empirical experimental testing. First,
measurement of doxorubicin transport parameters in tumor tissue provides insight into
differences between tissue types and cellular changes that result from RF ablation. This
information allows for a better understanding of why a particular treatment may be effective
and allows for better treatment design. Second, model simulation can be used to test a wide
variety of treatment conditions while minimizing the number of animal subjects. Different drug
release profiles, implant locations, or number of implants can be modeled, and only the best
available treatments need to be tested in animals. Third, drug distributions can be predicted in
larger tumors that are a better approximation of clinical cases. Tumors in rat and rabbit models
typically range from 0.5 – 2.0 cm in diameter, but human tumors are often 5.0 cm or larger
when first treated [20]. By simulating treatments in these larger tumors, problems in treatment
scale-up can be anticipated and addressed. These advantages make a distinct argument for
using mathematical modeling to improve post-ablation drug delivery.

Other studies have established a precedent for using modeling to design local drug delivery
systems. Strasser et al. estimated a coefficient of elimination and diffusion to explain
differences in transport of several different drugs away from polymers implanted in the brain
[21]. Wang et al. used model simulation of BCNU delivery to brain tumors with implants to
establish the value of combination treatment using surgical debulking and intratumoral
ethylene-vinyl acetate implants [22]. Other studies have delved into the specific factors
influencing drug transport surrounding implants in the brain [23] and increased the complexity
of model simulations [24]. In the area of convection enhanced delivery (CED), in which a
microcatheter is used to instill drugs into the center of a brain tumor, computational modeling
has been used to optimize treatment parameters, such as infusion rate and pressure, to maximize
the area treated by drug infusion [25–27]. Transport modeling has also been used to describe
how modification of the tissue properties of a tumor, such as using a drug pretreatment to
increase the diffusion rate, can affect drug penetration into tumors [28,29]. Valuable
conclusions drawn from these works emphasize the value of modeling to optimize drug
delivery to solid tumors, where drug distribution is often limited by poor perfusion and limited
diffusion distances.

A model to describe local drug transport in the tissue surrounding polymer millirods has already
been introduced in our previous publications. Qian et al. introduced a mass transport model
that described the radially outward transport of doxorubicin (DOX) away from the polymer
millirod surface using diffusion and elimination terms [9]. This model could be analytically
solved to determine drug release rates necessary to create a desired drug concentration at the
boundary of an ablated liver region. In a subsequent application of this model, doxorubicin
diffusion and elimination parameters in non-ablated and ablated liver tissue were estimated,
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providing initial insights about how ablation influences local drug transport by dramatically
decreasing drug elimination [10]. Together, these studies demonstrated the feasibility of using
a model to predict local drug delivery from polymer millirods in non-ablated and ablated liver.
However, the applicability of this model to drug transport in tumors has not been investigated.

The goal of this paper is to extend the previously developed doxorubicin transport model to
describe transport in non-ablated and ablated liver tumors. To accomplish this goal, two
different implementations of a mass transport model incorporating doxorubicin diffusion and
elimination in tumors were developed. First, a one-dimensional (1-D), cylindrically symmetric
transport model was used to simulate intratumoral doxorubicin release from polymer millirods.
Parameters of this doxorubicin transport model were estimated using nonlinear least-squares
estimation to minimize the error between the model output and experimentally measured DOX
concentration distributions. Second, a three-dimensional (3-D) implementation of the drug
transport model was used to simulate treatment of larger tumors with RF ablation and polymer
millirods. This implementation was used to demonstrate how this model can be effective in
predicting doxorubicin distributions in different tumor treatment scenarios. Results from this
paper provide essential information about doxorubicin transport and elimination in tumors and
will ultimately be used to improve future intratumoral treatment with polymer millirods.

Experimental Methods
Implant fabrication

Implants were produced by a compression-heat molding procedure [30]. Poly(D,L-lactide-co-
glycolide) (PLGA; 1:1 lactide/glycolide; inherent viscosity 0.65 dL/g) was obtained from
Birmingham Polymers (Birmingham, AL) and was made into microspheres using a single
emulsion method. Doxorubicin HCl (DOX) (2 mg/mL) in saline (9 mg/mL) was acquired from
Bedford Laboratories (Bedford, OH) and desalted before use. A mixture of 65% PLGA
microspheres, 13.5% DOX, and 21.5% NaCl (w/w) was mixed with a mortar and pestle, packed
into a Teflon tube (1.6 mm outside diameter), and compressed with steel plungers (1.6 mm
inside diameter) at 90° C for 2 hours. Final implants were cylindrical with an approximate
diameter of 1.5 mm and length of 8.0 mm.

Non-ablated tumor treatment
All animal studies followed the guidelines of and were approved by the IACUC at Case Western
Reserve University. Treatment of liver tumors in rabbits using doxorubicin-containing PLGA
implants was reported in a previous publication [13]. Adult male New Zealand White rabbits
(n = 14; Covance, Princeton, NJ) weighing 2.8–3.2 kg were used for all in vivo studies. VX2
liver carcinomas were generated in rabbit livers by surgically implanting a small piece (1
mm3) of frozen tumor tissue in the rabbit liver. The tumors were grown in the liver for 12 days
until they reached an approximate diameter of 8 mm. Then, the abdomen was surgically opened
and a control or doxorubicin-containing implant was inserted into the center of the tumor and
secured with a suture. The rabbits were euthanized 4 or 8 days after the onset of treatment, and
the tumors were removed.

Ablated tumor treatment
Combined treatment of liver tumors in rabbits with RF ablation followed by doxorubicin-
containing polymer implants was also reported in a previous publication [14]. VX2 carcinomas
were implanted as above but were allowed to grow for 18 days until they reached an
approximate diameter of 11 mm. A 17-gauge ablation probe with a 1-cm exposed tip
(Radionics, Burlington, MA) was placed into the center of the tumor. The tissue in contact with
the tip was heated to 80°C for 2 min, which created a coagulated region of approximately 8
mm in diameter. After ablation, a control or doxorubicin-containing millirod was placed into
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the electrode tract and secured with a suture. The rabbits were euthanized 4 or 8 days after the
onset of treatment, and the tumors were removed.

Tumor assessment
Tumors removed from the surrounding liver tissue were sliced in half perpendicular to the
major axis of the implant. Half of the tumor was fixed in formalin solution and the other half
was frozen at −20°C. The fixed tissue was embedded in paraffin, sliced, and stained with
hematoxylin and eosin (H&E) or Masson’s trichrome (MTC). Liver sections 100 μm thick
were sliced from the frozen half of the tumor using cryostat microtome (Microm 505E) and
then scanned with a fluorescent imager (Molecular Dynamics Fluorimager SI). For ablated
tissue sections, the ablation background was adjusted for using a background subtraction
algorithm [14]. Then, tumor net fluorescence intensity (NFI) was converted to doxorubicin
concentration using a previously established calibration curve, NFI = 194·[DOX]0.67, where
[DOX] is the doxorubicin concentration in μg/g [13]. Radial drug distribution profiles as a
function of distance from the implant center were determined by averaging four evenly spaced
samples from the fluorescence image.

Development of Drug Transport Model
Drug transport model

Doxorubicin transport into tumor tissue from an implant device was analyzed by a dynamic
mass balance transport model incorporating diffusion and elimination [10],

∂C
∂t = D∇2C − γC (1)

where D and γ represent apparent diffusion and elimination coefficients, respectively [10].
Drug elimination resulted from both perfusion and metabolism and was approximated as first
order.

Boundary and initial conditions
The boundary conditions were chosen to approximate experimental measurements. At the inner
implant boundary,

r = RIB : C = f (t) (2)

where f(t) is the time dependent concentration that was measured experimentally. At the outer
normal tissue boundary,

r = ROB : C = 0 (3)

where ROB is the maximum extent of normal liver tissue included in the model. The
concentration at this boundary was assumed to go to zero because of the elimination process.
Initially, the tissue drug concentration was zero,

t = 0 : C = 0 (4)

because there was no doxorubicin present in the tissue before the implants were placed. Drug
flux and concentration were assumed continuous at all interior boundaries.
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One-dimensional (1-D) simulation method
Doxorubicin diffusion and elimination parameters were estimated for non-ablated and ablated
tumor by implementing a 1-D, cylindrically symmetric simulation. For spherical tumors with
a single cylindrical implant placed in the center, the dominant transport process occurs in the
radial (r) direction, which can be described by a one-dimensional (1-D) model of the drug
concentration distribution with time C(r,t),

∂C
∂t = D

r
∂
∂r (r ∂C

∂r ) − γC (5)

In both non-ablated and ablated tissue models, a single polymer implant (r = 0.8 mm) was
located at the tumor center. In experimental studies of non-ablated VX2 liver tumors treated
with a doxorubicin implant, the tumor radius began as 4 mm but decreased to 2.4 and 2.1 mm
after 4 and 8 days, respectively, responding to the chemotherapeutic treatment. To account for
the tumor shrinkage in the theoretical model, the boundary between tumor and normal liver
tissue, RTN, was placed at a radius of 2.3 mm. In the ablated model, drug transport from a
centrally located implant in ablated tumor was simulated using an ablated tissue radius, RAB,
of 4.3 mm, corresponding to measurements in fresh tissue slices. The outer boundary of normal
tissue, ROB, was placed at 10 mm in both non-ablated and ablated models.

The drug distributions from the 1-D transport models in non-ablated and ablated tumor were
then solved. With this model, previously estimated values for the diffusion coefficient (Dliver
= 6.7 × 10−11 m2s−1) and elimination coefficient (γliver = 9.6 × 10−4 s−1) were used for non-
ablated, normal liver tissue surrounding the tumors [10]. The cylindrically symmetric model
was spatially discretized with a uniform mesh spacing of 0.1 mm to match the spacing of the
experimental data. This system was then solved using a finite element method (FEM)
implemented by COMSOL 3.3 (Burlington, MA). The simulated model output consisted of
the doxorubicin concentration as a function of radius at the experimentally measured times, 4
and 8 days. Values for D and γ and their corresponding 95% confidence intervals in non-ablated
and ablated tumor tissue were determined by least-squares fitting of the model simulated drug
concentration distributions to the experimental data. This step was implemented using the
lsqcurvefit function of MATLAB 7.1 (Mathworks, Natick, MA). Initially, D and γ were
assumed to be independent of position and time. When the model did not yield a good fit to
the experimental data, however, these coefficients were represented as functions of r and/or t
based on an understanding of the underlying physiology. Since various functional forms were
consistent with changes in these coefficients, the final choices were those for which the model
output most closely fit the data and involved the fewest number of model parameters.

Three-dimensional (3-D) simulation method
To demonstrate that the estimated tissue parameters could be used more generally to determine
drug concentrations throughout a tumor, treatment of tumors with a diameter of 2.0 cm was
simulated in 3-D. This simulation phase considered two polymer millirods implant treatment
strategies: (A) treatment of a non-ablated tumor (2.0 cm diam.) with a central implant; (B)
treatment of a tumor (2.0 cm diam.) with ablation of 75% of the volume (1.8 cm diam.) and a
central implant. Because these cases did not assume that transport was cylindrically symmetric,
simulations were based on a 3-D drug transport model,

∂C
∂t = D( ∂2C

∂x 2
+ ∂2C

∂ y 2 + ∂2C

∂z 2
) − γC (6)

Boundary and initial conditions were set as described above with the exception that ROB = 4
cm to allow for placement of larger tumors. Diffusion in the ablated region was scaled to the
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larger size by setting the RAB at 0.9 cm and linearly scaling the spatial dependence of the
diffusion parameter. Drug concentrations within the tumor were obtained using a 3-D FEM
solution implemented by COMSOL. The two drug distributions were compared by calculating
average drug concentrations in the entire tumor and an outer tumor region measuring 25% of
the total tumor volume, which corresponds to the non-ablated region of geometry B. Therapies
were further compared by determining the fractions of the tumor and risk volumes that were
covered with greater than 2 times the known therapeutic value of doxorubicin in VX2 tumor,
6.4 μg/g [31,32].

Results
Drug transport in non-ablated tumors

Rates of drug diffusion and elimination in non-ablated tumors were estimated from drug
distribution profiles measured 4 and 8 days after implant placement. Drug transport was
approximated using transport coefficients that did not vary as a function of time or position.
Experimental drug measurements compared to model generated output are shown in Figure 1.
The estimated value of doxorubicin diffusion throughout non-ablated tumor, Dtumor, was
calculated as 5.01 ± 0.32 × 10−11 m2s−1. Doxorubicin elimination, γtumor, was calculated as
0.58 ± 0.04 × 10−4 s−1.

Drug transport in ablated tumors
Drug diffusion and elimination coefficients were estimated from ablated tumor drug
distributions obtained 4 and 8 days after tumor ablation and implant placement. Using only
constant parameters, the predicted concentration distribution did not yield a close fit to the
experimental data; the model substantially overpredicted drug concentrations in the outer
region of the ablated tumor on day 8. This finding suggested that constant model parameters
were inadequate to simulate ablated tumor tissue. To more accurately predict drug transport in
ablated tumors, diffusion and elimination coefficients that were a function of distance from the
implant radius (r), time (t), or both were tested. Where possible, assumptions about the
parameters were made based on a priori information, such as the physiology of ablation-
induced damage and histological changes occurring after ablation, to minimize the number of
parameters estimated.

Optimal model fits in ablated tumor (Figure 2) were obtained by using diffusion that varied as
a function of r and elimination that varied as a function of t. The diffusion rate of doxorubicin
in ablated tissue was obtained by setting the diffusion rate in the center of the ablated tumor
(0.8 ≤r < 2.0 mm) to a constant parameter, Dablated tumor

center , and allowing the parameter to vary

linearly between Dablated tumor
center  and Dtumor in the outer portion of the ablated tumor (2.0 ≤ r

< 4.3 mm),

D = {r < 2mm : Dablated tumor
center

r ≥ 2mm : Dablated tumor
center − ( r − 2mm

4.3 − 2mm )(Dablated tumor
center − Dtumor)

} (7)

In this equation, 2 mm was chosen as the distance for the change in the diffusion parameter
function by testing several different locations and determining which model output most
closely approximated the experimental data. Additionally, 4.3 mm was chosen as the outer
boundary of the ablated region because this was the experimentally measured size of the
ablation coagulated region. The piecewise linear function of D was constant for the 8 day period
of the study. In contrast, the elimination coefficient gave the best model fit when it varied as
a function of t and not r. The elimination coefficient was set to a constant value of 0 for the
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first four days of the study, after which it was allowed to vary linearly between 0 and elimination
on day 8, γablated tumor

day 8 ,

γ = {t < 4 days : 0

t ≥ 4days : ( t − 4days
4days )γablated tumor

day 8 } (8)

This pattern of elimination was chosen based on the mechanism of tissue destruction due to
RF ablation. Previous modeling work has shown that after ablation of normal tissue, the
elimination rate is reduced to zero, a reasonable finding because ablation destroys the living
tissue and stops blood flow to the area. However, because ablation also induces a wound healing
response that includes the formation of new blood vessels in the injured region, the elimination
may begin to return several days after ablation. In this case, 4 days was chosen as the inflection
point because experimental data and previously published reports indicated that this was about
the time when new blood vessels would begin forming after tissue injury [33]. Using this
parameter structure, which is shown in Figure 3, Dablated tumor

center  was estimated to be 8.76 ±

0.41 × 10−11 m2s−1, and γablated tumor
day 8  was determined to be 0.57 ± 0.04 × 10−4 s−1. Parameter

structures with greater parameter complexity, such as power and exponential growth, did not
improve the quality of the model fits. Furthermore, functions that allowed each parameter to
vary simultaneously as a function of t and r increased the number of parameters required and
did not improve the model approximation.

Histology of ablated tumors
Histology of tumor tissues treated with RF ablation followed by polymer implants provided
physiological insights on the pattern of tissue destruction for comparison with quantitative
transport information. H&E stained sections at the center and periphery of the ablated region
on day 8 indicated some essential differences between tissues in these regions (Figure 4). Tissue
approximately 1–2 mm from the ablation probe tip showed extensive necrosis and protein
denaturation, with few visible nuclei or intact cell membranes. Damage to this region was
extensive and indicative of high heat exposure. At a distance of 3–4 mm from the ablation
probe, a different structural pattern was seen. Cells showed pallor, pyknotic nuclei, and
shrunken cytoplasm while retaining much of their underlying morphology. This finding was
consistent with tissues receiving a lower heat dose but loss of blood supply. This pattern
substantiated the choice of a diffusion parameter which varied with radius in the model. The
structure of tissue in the center of the ablated region was more extensively destroyed, and this
region corresponded to the location of ablated tissue which had a higher estimated diffusion
rate in the model. Tumor around the periphery that was exposed to less heat was less severely
damaged, and exhibited a diffusion rate that deviated less from normal tissue.

Comparative histology between 4 and 8 days also revealed time-dependent processes that took
place in the ablated tissue (Figure 5). Ablated tumor after 4 days showed significant signs of
coagulative necrosis, featuring numerous blood vessels filled with coagulated red blood cells,
particularly around the ablation periphery. Lack of patent blood vessels in the day 4 tissue was
compatible with the initial segment of the elimination function, which had a value of zero.
However, by day 8 the region revealed progression of the ablation-induced injury. In addition
to granulation tissue found around the boundary, moderate amounts of new blood vessels were
seen throughout the ablated region. This day 8 tissue section provided evidence supporting the
assumption that elimination returns gradually between 4 and 8 days after ablation.
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Three-dimensional (3-D) simulation of tumor transport
With the diffusion and elimination coefficients determined from the 1-D model analysis, a 3-
D model was applied to simulate treatment scenarios for a larger tumor. Drug distribution was
simulated from 0 to 8 days after a doxorubicin millirod was centrally placed in a 2.0 cm diameter
tumor: (A) without thermal ablation (B) following RF ablation of 75% of the tumor volume
(1.8 cm diameter). A sample finite element mesh and corresponding results for the two
scenarios are shown in Figure 6. Over 8 days, the average drug concentrations in the entire
tumor were 32 and 119 μg/g in the non-ablated and ablated case, respectively. When
considering the outer rim of tumor within 1 mm of normal liver, average concentrations
dropped to 0.2 μg/g in the non-ablated scenario or 17 μg/g in the ablated scenario. None of the
tissue in the outer rim reached the therapeutic margin (13 μg/g, or 2x the known therapeutic
value) without ablation, but ablation pretreatment increased coverage of the outer tumor to
80% of the outer rim volume. Finally, total drug released from the simulated implants in ablated
tumor was 2.6 mg compared with 3.6 mg in non-ablated tumor.

Discussion
In this study, mass transport modeling was used to estimate doxorubicin transport in tumor
tissues and then to simulate drug distribution in a larger tumor. In addition to providing
doxorubicin transport parameters, this work represents an improvement in methodology that
can be used in future work. The finite element method (FEM) of solving the model provided
a flexible platform that had advantages over an analytical solution, such as the ability to use
arbitrary geometries or functions that are not easily expressed analytically [34–37]. This
flexibility allowed transport modeling with space and time variant parameters, representing a
significant advancement in modeling drug transport in ablated tissues that had not been
accomplished previously. Additionally, future uses of this model can simulate drug transport
in scenarios that are not symmetric or incorporate spatial data about a tumor into the model.

Estimation of doxorubicin transport properties in tumors
Simulation of drug transport using the model allowed for reasonable approximation of drug
release from doxorubicin millirods placed in tumors. In Table 1, estimated values of tissue
transport parameters are summarized along with previous values from Qian et al. in which
parameters were calculated from drug distribution data measured from 1 hour to 4 days [10].
The estimated value for diffusion in non-ablated liver tumors was 25% lower than diffusion in
non-ablated normal liver tissue. This may have occurred because tumors are often comprised
of dense tissue with high cellularity, elevated collagen content, and a tortuous extracellular
matrix, all of which can act as a barrier to drug transport [38,39]. The elimination rate in tumor
was 6% of the value in normal liver, indicating that doxorubicin was removed from tumor at
a drastically lower rate. Normal liver parenchyma is heavily populated with blood vessels and
sinusoids, and hepatocytes may have high enzymatic activity for drug elimination.
Additionally, the VX2 tumors used in this study may have a lower blood vessel density and
may metabolize drug more slowly than normal liver.

Ablation-induced changes in tumor doxorubicin transport
In the ablated tumor tissue, diffusion was best represented by a function of radius, while
elimination was best represented by a function of time. After ablation, diffusion at the center
of the tumor region was increased by 75% over non-ablated tumor. This finding is in contrast
to the previous results showing that ablation decreased the diffusion coefficient in normal liver
[10]. However, several other studies have demonstrated that drug diffusion rates could be
increased by using an apoptosis-inducing drug pretreatment to reduce barriers to drug transit
[28,29]. Analogously, RF ablation may increase the rate of doxorubicin diffusion by disrupting
tumor morphology and cellular structure. Changes in the diffusion value did not extend to the
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ablation periphery, which had the same diffusion value as non-ablated tumor. This finding
suggests that RF-induced structural damage to the tumor may not be uniform throughout the
tumor, with higher damage found at the center of the coagulated region. The temperature
distribution during ablation, with high temperatures near the ablation probe that gradually
decrease to normal at the ablation periphery [40], can explain this fundamental difference.
Moreover, these values may vary little with time because the initial ablation tissue damage
resolves very slowly over time. Histology corroborated the pattern of more extensive cell
damage at the center of the ablation region. Other published reports of tumor ablation support
the finding that RF-induced damage is not homogeneous throughout the ablated region [41,
42].

In contrast, elimination could be represented as a homogenous function throughout the ablated
region that varied as a function of time. RF ablation reduced tumor drug elimination to zero
for the first four days after treatment, consistent with previous results in ablated liver tissue
[10]. This finding is likely because the heat exposure to the entire ablated region was sufficient
to coagulate all of the blood vessels. However, elimination in the ablated tumor increased as
a function of time between days 4 and 8, which was not observed in the previous study that
stopped at day 4. This increase in elimination between days 4 and 8 could result from the host
inflammatory response to the ablation. Histology of the ablated tumors demonstrated the
infiltration of inflammatory cells and formation of new blood vessels, which could explain the
return of elimination as a function of time. A few small blood vessels exerted a sizeable effect
on drug elimination without affecting diffusion because they comprised a small fraction of the
total ablated volume. Overall, choosing the diffusion rate coefficient as a function of position
and elimination coefficient as a function of time allowed for effective simulation of drug
distribution in ablated tumors.

Simulation of drug distribution in larger tumors
Three-dimensional simulation of a larger, more clinically relevant tumor treated locally with
a doxorubicin-containing implant without or following RF thermal ablation demonstrated the
ability to evaluate 3-D scenarios based on their expected drug distributions. First, the feasibility
of using parameters from a 1-D model simulation for application in a 3-D simulation of a larger
tumor was established. Because it was solved using a finite element method, this 3-D simulation
strategy could be implemented in situations that are not symmetric, such as when multiple
implants are placed around the periphery of a tumor. Second, the simulation reaffirmed
previous findings about using ablation before implant placement. Ablation drastically
decreased drug elimination in the tumor region, which had the most pronounced effects on
drug retention in the peripheral tumor region. While experimentally observed previously, this
effect appeared to be more substantial in the larger simulated tumors. Furthermore, RF ablation
allowed for significantly slower drug release from the implant, depleting the implant more
slowly and maintaining a therapeutic level, especially at the tumor periphery, for a longer
period. These simulations provide the basis for designing future animal experiments to confirm
these conclusions and validate the extension of this model into a larger tumor. Additionally,
the model could be used in the future to anticipate how other changes to implant design, such
as modifying the drug release rate or including dexamethasone to moderate the inflammatory
response after ablation [43], could affect drug distribution in the tumors. This computational
strategy should allow for rapid development and prototyping of different implant designs that
can optimally treat larger, more clinically relevant tumor models. Ultimately, this drug
transport model may be used as part of a comprehensive treatment planning tool. After
acquiring imaging data about tumor geometry, ablation treatment could be planned using a
thermal damage model, and drug coverage in the ablated tumor could be predicted using this
3-D finite element model.
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Conclusion
This computational model provided a feasible means of estimating drug distribution dynamics
following placement of an intratumoral chemotherapeutic implant. RF ablation was shown to
facilitate intratumoral drug delivery in tissue not only by reducing normal elimination processes
but also by increasing diffusion. Extension of parameter estimates from a 1-D model into a 3-
D simulation further demonstrated the benefits of ablation in conjunction with drug delivery.
The computational modeling approach indicates the advantages of using simulation to design
and rapidly prototype new implant treatment strategies.
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Figure 1.
Modeling results from parameter estimation in non-ablated tumor. Experimental radial drug
distributions are shown compared to model output on day 4 (A, n = 3) and day 8 (B, n = 4).
The error bars show the standard error of the mean.
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Figure 2.
Modeling results from parameter estimation in ablated tumor. Experimental radial drug
distributions are shown compared to model output on day 4 (A, n = 4) and day 8 (B, n = 3).
The error bars show the standard error of the mean.
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Figure 3.
Graphs showing radial dependence of the diffusion coefficient, D (A), and time dependence
of the elimination coefficient, γ (B), in ablated tumor.
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Figure 4.
H&E stained overview slide of ablated tumor tissue (A) showing the relative location of the
high magnification regions (b, c) with respect to the ablation probe (*). The outer ablation
boundary is indicated by a dashed line. Tissue near the probe (B) has lost its cellular structure
and cell membranes, while tissue 4 mm from the probe (C) contains dead cells with no nuclei
but overall structure largely intact. Scale bars are 1 mm (A) and 100 μm (B, C).
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Figure 5.
Masson’s trichrome histology showing coagulated blood vessels (white arrows) in the ablated
tumor region 4 days after ablation (A). By day 8 (B), new blood vessels (black arrow) are
forming in the ablated region. Scale bars are 100 μm.
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Figure 6.
3-D modeling of drug distributions in a 2.0 cm tumor. Finite element mesh used to simulate
the drug transport (A) along with simulated drug distributions 4 days after implant placement
in a non-ablated (B) and ablated (C) tumor.
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Table 1
Summary of doxorubicin transport parameters in liver and liver tumor.

Diffusion (m2/s, × 10−11) Elimination (1/s, × 10−4)

Liver* Non-ablated 6.7 9.6
Ablated 1.1 0

Tumor Non-ablated 5.01 ± 0.32 0.58 ± 0.04
Ablated 8.76 ± 0.41 (center) 0 (days 0–4)

5.01 ± 0.32 (periphery) 0.57 ± 0.03 (day 8)

Values are shown ± 95% confidence interval.

*
indicates that the values were taken from Qian, et al. [10]
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